The fundamental interactions between naturally occurring pigments in light-harvesting systems are responsible for the high efficiency of the photosynthetic apparatus. We describe the role of carotenoids (Cars) in light-harvesting systems, including our work elucidating the mechanism of energy transfer from the optically dark Car singlet excited state (S 1 ) to chlorophyll (Chl) and calculations on the electronic structure of Cars by means of timedependent density functional theory (TDDFT). We highlight new studies on the charge-transfer state of the Car, peridinin (Per), which enhances the light-harvesting efficiency of the Car by increasing the electronic coupling to Chl. The role of another Car, zeaxanthin (Zea), is discussed with respect to its role in the mechanism of the feedback deexcitation quenching in green plants, a vital regulation process under light conditions which exceed photosynthetic capacity. Lastly, we provide insight on how the 96 Chls in Photosystem I are optimized to generate a pigment-protein complex which utilizes solar energy with near unit efficiency.
INTRODUCTION
The architecture of photosynthetic light-harvesting complexes (LHCs) has been optimized to achieve the following characteristics: cover the solar spectrum effectively; transmit excitation to the reaction center with near unit efficiency; protect the photosynthetic apparatus against photochemical damage; spatially separate energy and electron transfer; and, in Photosystem II (PS) of green plants and algae, regulate the efficiency of light harvesting. In this article, we will discuss work from our group directed at the elucidation of the biophysical mechanisms that are fundamental to each of the specific design principles. It is remarkable that only two general classes of molecular species, chlorophylls (Chls) and carotenoids (Cars) are used by natural systems to carry out this range of functions. Nature has been rather parsimonious with the types of molecules used in light harvesting, choosing instead to modify their properties by interchromophore and chromophore-protein interactions. Cars have an especially wide range of functions in light harvesting, and in this article, we examine the relationship between the electronic structure of Cars and their function in a variety of light-harvesting systems (Fig. 1) . In addition, using Photosystem I (PSI) as an example, we will provide a detailed description of how bacteriochlorophyll (BChl)/Chl interactions generate highly efficient photosynthetic antennas. Fig. 1 The arrangement of Chl (green) and Car (orange) pigments in various photosynthetic complexes. (a) PSII from Thermosynechococcus elongatus [18] . (b) Light-harvesting complex 2 from Rhodospirillum molischianum [29] . (c) PCP from Amphidinium carterae [39] . (d) PSI from Thermosynechococcus elongatus [75] .
amine the degree of involvement and the mechanism of the energy transfer to Chl for the different Car excited electronic states in a variety of pigment-protein complexes.
PSII CORE PROTEINS
The PSII core is comprised of four pigment binding proteins, CP43, CP47, D1, and D2, all of which have the ability to harvest light (Fig. 1a) . CP43 and CP47 (encoded by the psbD and psbC genes, respectively) are relatively similar proteins located adjacent to the PSII reaction center (RC) [14] . Both have a dual light-harvesting role, absorbing energy directly and transferring energy absorbed by the peripheral light-harvesting antenna, which includes light-harvesting complex II (LHCII), CP24, CP26, and CP29, to the RC. Both CP43 and CP47 bind approximately 2 β-carotene molecules and 15 Chls a
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Carotenoid-chlorophyll complexes 927 [ [15] [16] [17] [18] . The Cars in CP47 are believed to be all-trans [15] [16] [17] [18] [19] [20] , however, no complementary information is available for CP43. The D1 and D2 subunits (products of the psbA and psbB genes, respectively) along with cytochrome b559 (encoded by psbE and psbF), PsbI and PsbW, comprise the PSII-RC complex [21] [22] [23] . D1 and D2 bind the reaction center pigments, 4-6 Chls a, 2 pheophytins, and 2 quinones, which are responsible for charge separation [17, 18, 21, 24] . The PSII-RC also binds 2 β-carotenes which have 0-0 transitions that absorb at 490 and 506 nm and lie out of and in to the membrane plane, respectively. It has been suggested that the two Cars are excitonically coupled [25, 26] . It is generally accepted that at least one of the two Cars adopts the all-trans conformation.
The decay kinetics of each of the core Chl proteins, excited at 490 nm and detected at 560 nm, and their corresponding single exponential fits are shown in Fig. 4 . The value of the S 2 lifetime obtained from these fits was 100 fs (CP47), 97 fs (CP43), 106 fs (PSII-RC), and 62 fs (PSI), each with an error of ±10 fs. Chl fluorescence traces for each of the core complexes, measured with the same excitation wavelength, showed a rise component in the Chl a fluorescence, which accounted for either the full rising amplitude or a major component of it, that matched the lifetime of the decay of the Car S 2 state. The findings indicate that the shortening of the lifetime measured for β-carotene in the complexes with respect to solution was due to energy transfer to Chl.
From the measured values of the Car S 2 lifetime, τ S2 , we can estimate the lifetime and efficiency of energy transfer from the β-carotene S 2 state to Chl a in each of the core complexes. Assuming that the value obtained for the S 2 lifetime in toluene (144 fs) correctly characterizes τ IC in CP47, CP43, and the PSII-RC [27, 28] , we find that for both CP43 and CP47 τ ET = ~300 fs and ϕ S2 = ~31 %, and for the PSII-RC, τ ET = ~400 fs and ϕ S2 = ~26 %. By combining previous steady-state fluorescence excitation measurements at 77 K, which found that the overall Car to Chl energy transfer for CP43 and CP47 was 35 % and for the PSII-RC was ~30 %, with our ultrafast results on the Car S 2 lifetime and Chl rise kinetics, we conclude that the β-carotene S 1 state does not play a significant light-harvesting role in the PSII core proteins. 
LH2
LH2 has two rings of BChls that absorb at 800 (B800) and 850 (B850) nm [29, 30] (Fig. 1b) . There is also a minor absorption by Cars between 450 and 550 nm. The structure of LH2 from Rps. acidophila was determined at 2.5 Å resolution [30] . The complex has 9 BChls in the B800 ring, 18 BChls in the B850 ring, and 9 Cars, which in this structure are rhodopin glucoside.
In designing a photosynthetic antenna, it seems counterintuitive to choose chromophores that have a low-lying excited state that completely lacks a transition dipole moment. However, nature has found an effective way to utilize such states for light harvesting. Energy transfer from the Car S 2 to BChl/Chl in Rps. acidophila is extremely rapid (50-100 fs) [31, 32] , however, the overall efficiency of energy transfer from the Car to BChl is higher than can be explained by the Car S 2 transfer pathway alone. An alternate pathway via S 1 is involved (Fig. 3) [7] . In order to unequivocally prove that there is S 1 to BChl/Chl energy transfer in photosynthetic antenna, we developed various forms of two-photon excited ultrafast spectroscopy, which prepared the S 1 state directly from the ground state (i.e., not by S 2 internal conversion, as was done previously) [10, 33, 34] . We found the S 1 to BChl energy-transfer timescale in bacterial LH2 from Rb. sphaeroides to be ~3 ps [10] and determined the spectrum and dynamics of Car S 1 (Fig. 5 ).
The involvement of the S 1 state in light-harvesting highlights a spectacular failure of the dipole model in characterizing photosynthetic pigment interactions: since S 0 -S 1 has a very small net transition dipole moment because the photon averages over the entire molecule, the calculated rate would be zero. However, the Coulomb interaction between two regions of transition density, i and j, is given by (q i q j /r ij ). Therefore, the overall Coulombic coupling, which is the sum of the interactions between all such elements, depends on the full shape of the donor and acceptor transition density on a length scale much smaller than the molecular size. As a result, we developed a highly accurate method, called the transition density cube (TDC) method, to calculate the full Coulombic coupling between two molecules [35] . In short, this is done by dividing the transition densities of the states involved into small cubes and computing the coupling by summing over all of the cube-cube interactions (Fig. 6 ). TDC combined with time-dependent density functional theory (TDDFT) [36] gives values of the full Coulombic S 1 -BChl coupling that are in excellent agreement with experimental estimates [37] . When incorporated into a generalized Förster theory model, the calculated energy-transfer rates both agree with experiment and quantitatively account for the large difference in S 1 to BChl transfer efficiency in the LH2 complexes of Rps. acidophila, Rs. molischianum, and Rb. sphaeroides [10, 37] (Fig. 5) . Furthermore, we showed that when the LH2 structure is modeled with a strictly symmetric polyene whose transition dipole is rigorously zero, sizeable Coulomb coupling to BChl can still occur simply from spatial proximity and the asymmetric arrangement of donors and acceptors [37] .
As an aside, we note that singlet-singlet energy transfer involving transitions with little or no oscillator strength is often discussed in the context of electron-exchange interactions between donor and acceptor-the Dexter mechanism [38] . While this form of coupling is undoubtedly crucial in triplet-triplet transfers, in all of the singlet-singlet transfer cases we have examined, the Coulombic coupling is much larger than the exchange coupling and the energy transfer is fully describable with Coulombic coupling alone.
PCP
Peridinin is a Car found in the light-harvesting apparatus of dinoflagellates, called peridinin-Chl a-protein (PCP) [39] . In contrast to most photosynthetic LHCs, the Car peridinin (Per), and not the Chl, is the main light-absorbing pigment in PCP (Fig. 1c) . Per is an unusual Car, being the only one known with three full rings in its structure (Fig. 2) . Furthermore, it contains an allene group, an epoxy group, and two carbonyl groups, including a lactone ring. Previous studies have shown that Per's unique structure significantly alters the character of its excited states. In addition to the usual S 1 and S 2 states, strong evidence has emerged for the existence of a low-lying intramolecular charge-transfer (ICT) state in polar environments and in the PCP complex [40] [41] [42] [43] . After light absorption by Per, the excitation energy is transferred to Chl and the efficiency of this energy-transfer step is 88 % [11] . Previous studies have suggested that the majority of the energy is transferred through Per's S 1 state [44] . However, fluorescence upconversion studies suggest that ~50 % of the overall transfer occurs from the Per S 2 state (Fig. 7a) . Involvement of the ICT state in energy transfer has also been proposed [45] .
Transient absorption studies were the first to display the spectroscopic peculiarities of Per [40, 41] . The S 1 lifetime was found to be strongly dependent on solvent polarity: 7 ps in trifluoroethanol and 172 ps in cyclohexane. From these studies, Frank et al. concluded that the presence of the carbonyl group as part of the conjugated π-electron system is the source of the solvent dependence. To map out the Per S 0 -S 1 line shape, we measured the fluorescence excitation spectra after two-photon excitation for Per in benzene and PCP (Fig. 7b) . The samples were excited using 920-1320 nm light. Fluorescence of the isolated Per S 1 state was then measured at 750 nm for Per in solution. In PCP, the excited Per transfers energy to Chl whose fluorescence was monitored at 670 nm. Surprisingly, two-photon absorption was observed in both the S 1 and S 2 regions. The Per S 1 energy was found to be higher than that of typical light-harvesting Cars, making its S 1 state very close in energy to its S 2 state. Two-photon absorption observed to the red of the one-photon S 2 band is assigned to the S 1 state, since no maximum is observed for this state, the origin of the transition was estimated to be around 530-540 nm in benzene, and 550-560 nm in PCP [46] . Thus, the S 1 state appears strongly overlapped with S 2 , and it does not seem possible to extract an S 1 line-shape from the data in Fig. 7b since the relative S 1 and S 2 contributions are unknown. We suggest that Per's polar groups and the mixing of electronic states lead to two-photon character of the normally one-photon allowed S 0 -S 2 transition. Additional two-photon excited pump-probe data on Per in methanol and PCP [47] are consistent with the conclusions of Zimmermann et al. [46] and Shima et al. [48] that a separate two-photon-allowed transition exists just to the red of the strongly allowed S 0 -S 2 band. Excitation at 1150 nm clearly prepares a different state than at 1100 nm, most likely the S 1 state. Two-photon studies of Per, however, could not definitively place the S 1 band, nor were they able to explain the solvent dependence of the S 1 lifetime. TDDFT under the Tamm-Dancoff approximation (TDDFT/TDA) has been quite successful at obtaining Car S 1 and S 2 energies, oscillator strengths, and transition densities [37, 49] . The Car-Chl couplings obtained using the calculated transition densities are in excellent agreement with experimental results [37] . TDDFT/TDA studies of Per structurally optimized and in the 8 conformations of PCP give in vacuo (roughly corresponding to n-hexane) S 1 energies ranging from 590-620 nm ( Table 1 ). The S 1 attachment/detachment density plots of Per 612 in PCP (nomenclature as per the protein databank file 1PPR [39] ) are shown in Fig. 7c . The attachment density approximately cancels the detachment density across the molecule leaving S 1 with an oscillator strength of 0.08. TDDFT/TDA calculations also provide strong evidence for the existence of an ICT state. In vacuo, the ICT state is calculated to be higher in energy than S 1 and even S 2 , but in a polar solvent with a dielectric constant of 33 the ICT state is stabilized by ~8000 cm -1 to become the lowest excited state [45] . Attachment/detachment density plots of the Per ICT transition are shown in Fig. 7d . Transition to the ICT state distributes electron density from the carbonyl group to the conjugated chain. The advantage of this is clear when we consider the structure. closer to the Chl, with Mg 4.3 to 7.5 Å from the allene group compared to 9.7 to 14.6 Å from the lactone ring. The Coulombic couplings calculated using the TDC method [35] quantitatively confirm our analysis. The ICT-Chl Q y couplings are consistently an order of magnitude larger than the A g -Chl Q y couplings (Fig 8) . We conclude that the role of the ICT state is to facilitate energy transfer to Chl. We note that the MNDO-PSDCI calculations of Shima et al. [48] do not show an additional ICT state. Instead, the S 1 surface is considered to be a double well: one minimum corresponds to the traditional S 1 state and the other to the ICT state. The double-well model gives rise to eventually the same interpretation of the spectroscopic data and also suggests the ICT part of S 1 facilitates energy transfer to Chl. Advances in quantum chemical calculations are required to fully explore the geometry of the excited states of unusual Cars such as Per.
Recent near-infrared (IR) transient absorption (TA) experiments of Per in methanol revealed the spectroscopic signature of an ICT state and explain the solvent dependence of the Per pump-probe and fluorescence data. Specifically, a new stimulated emission band appears at 980 nm, far lower than the S 1 fluorescence peak at 715 nm [42] . The band is only present in carbonyl containing Cars in polar solvents [42, 43, [50] [51] [52] [53] [54] , in good agreement with our TDDFT calculations.
PHOTOPROTECTION BY CAROTENOIDS
A green plant's ability to remove electrons from water requires that the PSII-RC has the highest oxidizing potential found in nature. The consequences of this great oxidizing strength have generated unique sensitivities for green plants, with respect to their anoxygenic photosynthetic counterparts, under conditions in which photon fluxes exceed photosynthetic capacity. Specifically, the production of harmful photo-oxidative species, which cause destruction of vital proteins, such as the PSII D1 RC protein, lipid bilayers, and pigments [55, 56] , is exacerbated during high light exposure. As a result, plants employ a regulatory mechanism, which allows them to both utilize and dissipate solar energy with high efficiency in response to the incident light intensity. The process which protects plants under most short-term light stress conditions occurs in PSII and is called feedback deexcitation quenching (qE) ( [57, 58] ; for a review of this process, see [59] ). During qE, a nonradiative deactivation channel for singlet Chl molecules ( 1 Chl*) has been formed which can harmlessly emit the excess absorbed energy as heat (Fig. 9) . The process significantly decreases the probability that the 1 Chl* molecules will form triplet Chl molecules ( 3 Chl*), a species that reacts with ground-state oxygen ( 3 O 2 ) to form the strongly photo-oxidative singlet oxygen ( 1 O 2 *) in addition to other highly reactive oxygen species [60] . In green plants and algae, qE can quench up to 80 % of the 1 Chl* [61] [62] [63] . Three elements are so far known to be necessary for qE. Specifically, the Car zeaxanthin (Zea), which is formed during qE by conversion from violaxanthin (Vio) via reversible reactions known as the xanthophyll (Xan) cycle [64] . The 22-kDa subunit of PSII, PsbS [63] , and a low thylakoid lumen pH [57, 65] are the other two requirements.
The key unresolved issues concerning the mechanism of 1 Chl* deexcitation during qE are the identity of the quenching species, in terms of both pigment composition and location, and the means by which the excess energy is dissipated. Based on the strong correlations between qE and Zea in plants, it was suggested that 1 Chl* deexcitation might involve direct energy transfer from Chl to Zea [66] [67] [68] . As a result of this transfer, Zea would be excited to its first excited singlet state (S 1 ), which would decay rapidly (~9 ps) to the ground state by nonradiative dissipation. In order for this mechanism to be efficient, the energy of the S 1 state of Zea must lie below the state corresponding to 1 Chl* (Q y ). Since the S 1 states of Cars are, for all intents and purposes, optically dark, obtaining an accurate value for the energy of this state has proven to be a formidable task. While there is no general consensus on the energy of the Zea S 1 state, a number of measurements suggest that its energy is comparable to the value of the Chl Q y band [50, [68] [69] [70] . Alternatively, 1 Chl* deexcitation may be due to an increased rate of internal conversion of Chl to the ground state by the formation of an exclusively Chl-based quenching species, a process which would be indirectly enhanced by the presence of Zea [65, 71] .
In order to gain further insight into the quenching mechanism, we performed TA measurements on intact thylakoid membranes with fully functional qE capability [72] . The measurements probed changes in the region of the Car S 1 → S n transition after excitation of the Chl Q y band. Kinetic differences were evaluated when the system had no qE and when maximum, steady-state qE had been induced. The results for spinach reveal an additional transient component with the lifetime and spectral characteristics of Zea S 1 → S n absorption selectively under conditions of qE.
To test if the changes were correlated to qE, we performed additional experiments on transgenic A. thaliana plants, two completely deficient and one enhanced in qE with respect to the wild type (WT), but all normal in their ability to carry out direct light-induced photochemistry (Fig. 10) . The WT + PsbS mutant displays approximately 2.5 times more qE than the WT [58] , and the amplitude of the new kinetic component is increased by roughly this amount compared to the WT. Figure 10c show the results for the completely qE-deficient mutant npq4-1. The kinetics observed for the npq4-1 mutant was independent of high-light illumination, showing that fully functional qE is required for the observation of the new transient. Additional experiments on A. thaliana mutants with distinct Car compositions showed that Zea is also necessary to produce the ultrafast kinetic differences.
By using the mutants and transgenic plants described above, we were able to identify a PsbS-and Zea-dependent kinetic difference in TA during qE [72] . The Zea excited state may be populated via energy transfer from the Chl Q y band or by the formation of a Zea-Chl heterodimer, the more likely possibility because of the characteristics of the kinetic difference. The heterodimer species may be the qE quencher. Furthermore, the formation of a heterodimer during qE may imply an electron transfer quenching mechanism. Recent calculations by Dreuw et al. [73, 74] using a hybrid theoretical approach involving TDDFT and configuration interaction singles, indicate that two Chl Q y quenching mechanisms are energetically accessible. Since the S 1 state of Zea is lower in energy than the Q y state of Chl independent of the intermolecular distance, excitation energy transfer is in principle always possible and dimer formation is not a prerequisite for this mechanism. When the intermolecular separation is less than 5.5 Å (where the CT curve crosses Q y in Fig. 11 ), the energy of the CT state drops below that of Chl Q y . Consequently, a second quenching pathway, via electron transfer, becomes possible. Analysis of the molecular orbitals involved in this excited CT state shows that it is a pure HOMO (highest occupied molecular orbital) to LUMO (lowest unoccupied molecular orbital) transition (Fig. 11) . Similar calculations for Vio show that the excitation energy of the S 1 state (dashed curve) is significantly higher than the Chl Q y at all intermolecular distances. Consequently, Chl fluorescence quenching via singlet-singlet excitation energy transfer into the S 1 state is energetically not possible at all intermolecular distances. The electron-transfer quenching mechanism only becomes possible at intermolecular separations of less than 4.8 Å [73] .
While the mechanism of qE is still unclear, these TA measurements and theoretical calculations may provide another case in which nature has utilized optically dark states and confined geometries as a means to a very efficient end.
LIGHT HARVESTING BY CHLOROPHYLL: PSI
Photosystem I from Thermosynechococcus elongatus comprises 96 nonequivalent Chls (Fig. 1d) [75] . In a system like PSI with large variation in Chl site energies, understanding the principles, dynamics, and pathways of Chl-Chl energy transfer is demanding. We tackled this problem by asking the following questions: Are there new design principles at work in PSI? How is the system optimized to focus and trap excitation at the primary electron donor (P700)? What are the rate-determining steps? And is a first-principles calculation viable for quantitative predictions on such a complex system? [76] [77] [78] [79] .
Calculations from first principles are challenging because of the presence of both moderately or strongly coupled pigments and pigments spaced at distances that make a weak coupling picture inappropriate. For these types of calculations, modified Redfield theory was utilized [80, 81] . We first calculated the excitation energies of and couplings between each of the 96 Chls in the protein environment and obtained a good fit to the absorption spectrum [79] . Unlike bacterial light-harvesting antennas, PSI does not appear to have an energetic funnel, i.e., the outermost pigments do not, on average, have higher excitation energies than the pigments in the reaction center.
We used our calculated excitation energies, modified Redfield theory, and a master equation calculation of the excitation transfer kinetics in PSI to calculate time-dependent fluorescence spectra and population kinetics. We found that the time constants are clustered into four groups: sub-100 fs, 200-300 fs, 2-3 ps, and 35-40 ps [77] . The global fits to experimental fluorescence data gave time constants of 360 fs, 3.6 ps, 9.6 ps, and 38 ps [13] . The experiments did not have sufficient time resolution to determine sub-100 fs time constants. Aside from this, our calculated time constants were in remarkable agreement with experimental values (Fig. 12) .
Having developed a model of PSI that reproduced key experimental data, we explored the influence of the energy landscape [76, 77] on the trapping time and performed a detailed analysis of the ratedetermining steps [78] . In a flat energy landscape, where all the Chls had identical lineshapes and transition energies, and the spatial structure was held fixed, the calculated trapping time of PSI was actually shorter. However, due to protein constraints and the proximity of the chromophores (which induces excitonic interactions), a flat energy landscape cannot be achieved in a realistic PSI complex. The high spatial connectivity of PSI makes it very robust to energy variation, however, the energies of the six RC Chls influence the overall trapping time significantly. Along with the two linker Chls, the six RC Chls form a quasi-funnel structure: the energies of the RC and linker Chls are optimized for efficient trans- fer of excitation to the P700; although, the precise energies of the other 88 antenna pigments are not crucial to the near unit quantum efficiency of PSI [77] .
Studies of the energy distribution in PSI after initial excitation of two different Chl molecules show that energy flow through the antenna contributes significantly to the overall trapping time [76] . We developed a formulation allowing construction of uniquely defined kinetic domains from a master equation for population-transfer dynamics and enabling calculation of the time scales of transition between such domains [78] . In this way, the complicated network of energy-transfer steps in PSI can be simplified to a series of sequential kinetic transitions over the kinetic domains. Five innermost kinetic domains for PSI are presented in Fig. 13 . The overall trapping time is 36 ps, which should be a sum of
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Carotenoid-chlorophyll complexes 939 the 96 effective transfer timescales. We can see that there are two major rate-determining steps: transfer from domain σ 5 to domain σ 4 (12 ps) and from domain σ 2 to the trap σ 1 (11 ps). The next slowest step is the transfer from domain σ 3 to domain σ 2 (6 ps). These three steps make up 81 % of the total trapping time, and the other 93 steps make up the remaining 19 %. The domain model reveals that back transfer, including components from the RC Chls to the bulk antenna, contributes substantially to the overall trapping time, indicating that energy transfer around the RC is dominated by entropic rather than enthalpic considerations. The complexity of the system, and therefore of any microscopically based model, suggests that experiments either with higher information content, or designed to reveal specific features of the system should be considered for PSI. For example, the three pulse photon echo peak shift spectroscopy (3PEPS) [82, 83] can be used to test the model and experimentally study the pathways of excitation in PSI. 3PEPS is an incisive tool in the study of energetically disordered systems, exploiting the disorder to determine energy-transfer timescales, electron-phonon coupling, and the degree to which the disorder is correlated within individual complexes. Our group has recently developed a two-dimensional extension of traditional 3PEPS, two-color 3PEPS (2C3PEPS) [84] [85] [86] [87] , to determine electronic mixing between pairs of excitonically coupled molecules, without prior knowledge of the uncoupled site energies. Details of the experimental method, information content, and analysis procedures are given elsewhere [84, 85] . This new technique provides previously unmeasurable information about the degree of correlation and excitonic coupling between the initial and final states. Two-color 3PEPS experiments were conducted on PSI with the first two pulses at 675 nm and the third at 690 or 700 nm. These measurements are characterized by a quantity called the difference peak shift (DPS). A rapid, almost instantaneous, rise to a large DPS is measured (Fig. 14a) , suggesting large correlation between pump and probe regions. This DPS decays on the timescale of hundreds of femtoseconds. The DPS calculated from the inhomogeneous contribution to the averaged frequency correlation function, I(t), provided by the calculations fit reasonably with the experimental results (Fig. 14b) . If we use Förster theory instead of modified Redfield theory, I(t) decays more slowly suggesting that ultrafast relaxation between states of individual excitons contribute significantly to the short-time behavior of the DPS. In an artificially flat energy landscape, where all but the Chl trap have the same site energy and lineshape, I(t) decays more rapidly, revealing the influence of the rough energy landscape. We compute I(t) for various permutations of the quantum mechanical site energies and for random orientations of the pigments. The results show that 2C3PEPS is sensitive to both the exact distribution of energies (not just the gross distribution) and the coupling generated by the crystal structure orientations (data not shown).
In summary, the transfer of excitation to P700 of PSI is an exceedingly efficient process. Overall, it differs markedly from the same process in the well-studied purple bacteria [88, 89] . While the two-dimensional projection of PSI (Fig. 1d) seems to imply that the isolation of the antenna from the electrontransfer components is the same as in purple bacteria (RC1 + LH1), this is an incorrect picture. Three important comparisons between the two systems illustrate the differing design principles in the two systems. PSI is quasi-three-dimensional, whereas RC/LH1 is quasi-one-dimensional; all six members of the RC Chls are energetically accessible from the antenna system in PSI, whereas only the primary electron donor is accessible in purple bacteria; and only PSI has linker Chls, which play a role in connecting the reaction center pigments to the bulk antenna, facilitating both forward (to the RC) and reverse (to the antenna) energy flow. These two systems efficiently solve the same problem in two different ways by exploiting the confined geometry and spatial and energetic disorder.
CONCLUDING REMARKS
In this article, we have surveyed the roles of Cars in plant, algal, and bacterial light-harvesting systems, and described the insights gained from a first-principles study of energy transfer and trapping in PSI. Several general concepts emerge: confined molecular geometries are used very frequently to modify molecular properties, introduce new electronic states, ensure effective electronic couplings, and provide very large absorption cross sections for solar radiation. In many ways, this theme contrasts with synthetic chemical approaches based on theories and concepts obtained for well-separated molecular pairs. We have discussed the fundamental inadequacy of linear optical spectroscopic measurements of the intermolecular interactions in such crowded geometries elsewhere [90, 91] , and newly emerging multidimensional spectroscopic methods [92, 93] should begin to provide experimental insight into molecular interactions in the next few years. This is important because at present quantum chemical calculations are necessary to create first-principles models of these systems, yet such calculations are at, and sometimes beyond, the capability of correct computational methods. Thus, experimental feedback is required to calibrate existing methods (such as TDDFT [36] ) and to validate newly emerging methods such as the quantum Monte Carlo technique [94] [95] [96] [97] . The creation of a first-principles model for PSII, nature's supreme example of photonic engineering, is not yet possible because of the extraordinary complexity, and the lack of atomic-resolution structural data for the complex. Achieving such a goal is likely to drive developments in electronic structure theory, multidimensional spectroscopy, and structural biology for many years to come. 
